The purpose of this study is to clarify the relationship between the dynamic motion errors of feed drive systems and the machined surfaces. To achieve this purpose, a simulation method for a machined surface by peripheral milling is proposed. In the proposed method, the motion errors of a feed drive system and the machined surface are simulated based on tool diameter, number of flutes, spindle speed, and feed speed. In addition, to clarify the correctness of the proposed method, actual cutting tests are carried out. In the cutting tests, the control parameters of the machine tool are intentionally changed to obtain the motion errors. As the results of the cutting tests, it is confirmed that the influence of the motion errors of feed drive systems on machined surface can be predicted by the proposed simulation method. The relationship between the motion errors and machined surfaces is also examined based on the simulations.
Introduction
Glitches can occasionally be observed on machined surface by Numerical Control (NC) machine tools. Various causes of the glitches include the mechanical condition of the machine, the parameter settings of the controller, the accuracy of the NC program, the synchronous accuracy of the axes, and the friction and cutting forces. To find the cause of these glitches, extensive knowledge and experiences on the NC controller and CAM (Computer Aided Manufacturing) system are required. Knowledge of the servo system, the mechanical problems, and the cutting mechanism is also required.
Since it is difficult to clarify the causes of glitches on machined surfaces, tools have been developed for analyzing the influence of cyclic errors caused by encoders and changing motion direction of each axis on a the machined surface (1) (2) (3) . Hasebe et al. (1) proposed an analysis method for NC data. The proposed method indicates points where glitches and ripples are predicted to occur. This system is commercially produced as software called "PathScope" (2) . Saito et al. (3) proposed a method for generation of a tool path that considers NC sampling time, limiters of acceleration and deceleration, and servo delay. The purpose of these research studies was to evaluate machined surfaces.
Since the velocity of each axis of the machine tool changes significantly, the dynamic problems are significant. From this point of view, one of these authors investigated the dynamic synchronous accuracy in five-axis machining centers but did not evaluate machined surfaces (4) . However, the influence of mechanical vibration and geometrical motion errors on a machined surface in the shaping process using a single point tool was investigated by Kim (5) and Kono et al. (6) (7) . Although many research studies have been carried out, as mentioned, no research has thoroughly investigated the influence of dynamic errors of feed drive systems on machined surfaces. Therefore, the purpose of this study is to clarify the relationship between the dynamic motion errors of feed drive systems and machined surfaces. A simulation method is proposed to simulate the influence of motion errors on machined surfaces. In this paper, the simulated machined surfaces are compared with actual machined surfaces, and the relationship between motion errors and the machined surface is discussed.
Experimental method
All experiments are executed by a highly accurate five-axis vertical type machining center. To examine the influence of the motion error of feed drive systems on machined surfaces, the parameters of the backlash compensator, the friction compensator, and the servo gains are intentionally changed to obtain the motion errors. The motion trajectories are measured by a grid encoder (KGM181, HEIDENHAIN GmbH) (8) that measures the relative motion trajectory of the spindle and table.
To observe the machined surfaces, actual cutting tests are carried out with motion errors. Machined surfaces are observed by a digital microscope. The cutting conditions adopted in the tests are listed in Table 1 . All cutting tests in this study are dry and down cutting. 
Machined surface simulation with motion errors

Simulation steps
The proposed simulation method consists of two steps. The first step is simulation of the motion error, and the second step is simulation of the machined surface. The machined surface is simulated based on the simulated motion error of the feed drive system, tool diameter, number of flutes, spindle speed, and feed speed. To discuss only the influence of the motion errors of feed drive systems, the torsion angle and the deflection of the tool are not considered in this study.
Modeling of feed drive systems
In this study, feed drive systems of the X-axis and Y-axis of the five-axis high accurate vertical type machining center are modeled. Vibration models of the feed drive mechanisms are illustrated in Fig. 1 . The models take into account inertia, viscous damping, Coulomb's friction of the ball screw and the linear ball guideway, equivalent axial stiffness, internal damping, and velocity and position controllers. Figure 1(a) shows the model of the X-axis mechanism, and (b) shows the model of the Y-axis mechanism. The feed drive system of the X-axis is driven by an AC servo motor and a ball screw, and the system of the Y-axis is driven by a pair of AC servo motors and ball screws. The motion equations of the X-axis and the Y-axis are derived as Eqs. (1) and (2), respectively, by the vibration models. The parameters of these models are listed in Tables 2 and 3 . The values of the parameters; J m , J m1 , 2  2  2  1  1  1  2  2  2  1  1  1   2  2  2  2  2  2  2  2  2  2  2  2   1  1  1  1  1  1  1  1  1  1  1  1   2  2  2  1  1  1   2  2  2  1  1  1  2  1  2  2  1  1   2  2  2  2  2  2  2  2  1  1  2  1  1  1 
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Simulation method of the machined surface
The simulation results from the feed drive system model shown in Fig. 1 indicate the motion trajectory of the tool center. It is clear that the profile of the machined surface is not equal to the motion trajectory of the tool center. Hence, the simulation method for cutter marks based on the simulated motion trajectory is proposed. Although the cutting mechanism of the square and ball end mill has already been analyzed (10) (11) , additional analysis methods have been proposed to analyze the cutting force. However, such analyzing methods are too complicated for our purpose. Figure 2 shows the schematic diagram for the simulation method of the machined surface. First, the tool center points are determined from the simulated motion trajectory and feed per tooth. The intersection points of circle arcs representing the tool tip trajectories are obtained from the tool center points and tool diameter. This result gives the machined surface profile. The machined surface can be approximately expressed from two profiles in the XY plane. The cutter marks on the surface are shown by connecting the intersection pairs. 
Simulation and experimental results
Cutting tests and simulations of the outer and inner cylindrical surfaces which require circular interpolation motion of the X and Y axes are carried out. In the cutting tests and simulations, parameters are intentionally changed to obtain the motion errors, such as quadrant glitches, backlash, and over compensation.
In addition to the cylindrical surfaces, cutting tests and simulations of the corner pocket are carried out. The cutting tests are done for two kinds of motion errors: inner cornering error and vibration. Inner cornering errors occur by applying the default parameters to the machine. Vibrations occur by changing the servo gains and acceleration-deceleration parameters. Figure 3 shows the machined workpieces in this study. Figure 3(a) shows the cylindrical shape and (b) shows the square pocket.
Influence of quadrant glitch
To investigate the influence of quadrant glitches, cutting tests of the outer and inner cylindrical surfaces are carried out. In the cutting tests, the parameters of the friction compensator and servo gains are intentionally changed to generate quadrant glitches. Simulations are also carried out with smaller servo gains. Figure 4 shows the measured and simulated results of the inner cylindrical surface. Figure 4 (a) shows the circular trajectories. As seen from the figure, large quadrant glitches occur in the trajectories. Figure 4(b) shows the enlarged picture of the machined surface near 90˚. The intervals of cutter marks are spread out when the motion error becomes maximal. The simulated machined surface is shown in Fig. 4(c) . The intervals of cutter marks are also spread at the point where the maximum motion error occurs. The disturbed cutter marks are observed as surface blemishes on the surface. Figure 5 shows the measured and simulated results of the outer cylindrical surface. Figure 5 (a) shows the circular trajectories. As seen from the figure, large quadrant glitches occur in the trajectories. Figure 5(b) shows the enlarged picture of the machined surface near 90˚. In the cylindrical surface machining, the intervals of cutter marks are narrow when the motion error becomes maximal. The simulated machined surface is shown in Fig. 5(c) . The intervals of cutter marks are also narrow around the point where the maximum motion error occurs. The disturbed cutter marks are observed as surface blemishes on the surface.
It can be said from the results that the proposed simulation method can express the influence of quadrant glitches on the machined surface. Also, it is confirmed that the disturbed cutter marks are observed as surface blemishes.
Influence of backlash
Since the machining center used in this study does not have backlash, the parameters of the backlash compensator are intentionally tuned to generate a stepwise tracking error in the circular trajectory in the experiment. In the simulations, a backlash model is introduced into the feed drive system models. Figure 6 shows the measured and simulated results of the inner cylindrical surface with stepwise errors. Figure 6 (a) shows the circular trajectories. As seen from the figure, stepwise tracking errors are present in the trajectories. Figure 6(b) shows the enlarged picture of the machined surface near 90˚. The intervals of cutter marks are spread at the point at which the motion trajectory is changed in a stepwise manner. The disturbed cutter marks are observed as surface blemishes on the machined surface.
The simulated machined surface is shown in Fig. 6(c) . It can be seen that the enlarged motion error in Fig. 6(c) is different from the measured enlarged trajectory shown in Fig.  6(b) , because the experiment is carried out with generated stepwise errors by tuning the parameters of the backlash compensator. As can be seen from the Fig. 6(c) , the intervals of cutter marks are narrow at the beginning of the motion trajectory error and spread out at the end of the motion trajectory. This difference is due to the difference of the motion trajectory near 90˚, as mentioned above. Figure 7 shows the measured and simulated results of the outer cylindrical surface with stepwise errors. Figure 7 (a) shows the circular trajectories. As seen from the figure, stepwise errors are present in the trajectories. Figure 7(b) shows the enlarged picture of the machined surface near 90˚. The intervals of cutter marks are spread in the figure, and stepwise errors are present in the trajectories. Figure 7 (b) shows the enlarged picture of the machined surface near 90˚. The intervals of cutter marks are spread at the point where the motion trajectory changes. The disturbed cutter marks are also observed as surface blemishes. The simulated machined surface is shown in Fig. 7(c) . The intervals of cutter marks are spread at the beginning of the motion trajectory error and become narrow at the end of the motion trajectory changed in a stepwise It can be said from the results that the stepwise motion errors due to backlash also disturb the intervals of cutter marks, and disturbed cutter marks are observed as surface blemishes. Also, it can be said that disturbed cutter marks are generated when the changes of motion error rapidly occur.
Influence of friction overcompensation
When the friction compensator does not work successfully, dents due to friction overcompensation are observed near the quadrant changes. In this study, parameters of the friction compensator are intentionally tuned to express the overcompensation. Figure 8 shows the measured and simulated results of the inner cylindrical surface. Figure 8(a) shows the circular trajectories. As seen from the figure, dents caused by overcompensation occur in the trajectories. Figure 8(b) shows the enlarged picture of the machined surface near 90˚. The intervals of cutter marks are spread at the beginning of the motion trajectory error and also spread out at the end of the motion trajectory error. As shown in Fig. 8(b) , interval changes of the cutter marks occur at two points.
The simulated machined surface is shown in Fig. 8(c) . The interval change of the cutter marks occur at only one point on the simulated surface, and this difference is due to the difference of the shape of the motion errors. It can be seen that the enlarged simulated motion error is different from the measured enlarged error, as shown in Fig. 8(a) , because the behavior of the actual friction compensator cannot be expressed by the simulation. The motion error rapidly changes two times in the measured trajectory, although the simulated motion error gently changes once. As the result, the intervals of cutter marks are spread two times on the actual surface, although the cutter marks are spread only one time in the simulation. Figure 9 shows the measured and simulated results of the outer cylindrical surface. Figure  9 (a) shows the circular trajectories. As seen from the figure, dents caused by overcompensation occur in the trajectories. Figure 9(b) shows the enlarged picture of the machined surface near 90˚. The intervals of cutter marks are spread at the beginning and at the end of the motion trajectory error.
The simulated machined surface is shown in Fig. 9(c) . The intervals of cutter marks only spread at the beginning of the motion trajectory error. This difference is due to the difference of the motion trajectory error discussed above.
As is the case with the influence of backlash, it can be said from the results that disturbed cutter marks are generated when rapid changes of the motion error occur.
Influence of cornering errors
Figure 10(a) shows the measured and simulated results of the corner trajectory with the inner cornering error. As seen from the figure, an inner cornering error occurs in the trajectories. Figure 11(a) shows the enlarged picture of the machined surface around the corner. Solid lines on the picture emphasize the cutter marks because the picture was not clear. Cutter marks with different intervals are observed during the cornering motion, as shown in Fig. 11(a) . The simulated machined surface is shown in Fig. 11(b) . The cutter marks are also observed during the cornering motion. 
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It is confirmed that the influence of the inner cornering error and vibrations on the machine surface in the corner tracking motions can be simulated by the proposed method. Figure 13 shows enlarged trajectories of the quadrant glitches of the inner cylindrical surface near 90˚. Since the radial error is not enlarged in this figure, motion errors cannot be observed as spikes. Please note that the range of X and Y axes is different in order to clearly Journal of Advanced Mechanical Design, Systems, and Manufacturing Vol. 6, No. 6, 2012 show the motion errors. The copy mechanism of motion errors onto the machined surface is discussed by using the simulated motion trajectory shown in Fig. 13 . Figure 14 shows a schematic diagram of the copy mechanism of the motion errors. The solid lines are the motion trajectories with motion errors, and the dashed lines are the reference trajectories. In the case that motion errors do not exist, all circular arcs representing the tool tip are the same, as shown in Fig. 14(a) . However, the actual tool path includes motion errors, and the lengths of the circular arcs are disturbed when motion errors occur, as shown by the solid lines. As shown in Fig. 14(a) , arc A becomes longer and arc B becomes shorter than the other arcs. This phenomenon causes disturbed cutter marks, and the disturbed cutter marks are observed as surface blemishes.
Copy mechanism of motion errors on the machined surface
Circular motion
Corner tracking motion
If the cornering error does not occur, the corner shape is generated by only one cutting edge of the tool, as shown in Fig. 14(b) . In contrast, in the case that the inner cornering error occurs, the corner shape is generated by several cutting edges of the tool, as shown in Fig.  14(b) . Consequently, in corner contouring, cutter marks occur during the corner tracking motions. In addition, in the case that the vibrations exist after the cornering, surface blemishes occur on the machined surface for the same reason the blemishes occur in the circular motions.
Conclusions
In this paper, a new simulation method for machined surfaces is proposed. To confirm the correctness of the proposed method and to investigate the copy mechanism of motion errors onto the machined surface, the simulation results are compared with the experimental results. The conclusions are summarized as follows:
1) The proposed simulation method can express the influence of quadrant glitches onto machined surfaces. 2) Disturbed cutter marks due to quadrant glitches are observed as surface blemishes. 3) Stepwise motion errors due to backlash also disturb the intervals of cutter marks, and the disturbed cutter marks are observed as the surface blemishes. 4) Disturbed cutter marks are generated from rapid changes of the motion error. 
